Different attractive interacting colloidal systems are characterized by means of static light scattering. As most of these samples are rather concentrated, multiple scattering is suppressed by partial contrast match and the use of very a thin sample cell (13 µm). This is possible with the laboratory built flat cell light scattering instrument, which is also capable of time-resolved measurements. The systems under investigation are oilin-water emulsions with added polymer micelles or latex spheres, which give rise to depletion interaction. A second set of samples consists of electrostatically stabilized dense silica suspensions, which are destabilized by ionic strength or pH shift initiated by an in-situ reaction. The potential change from repulsive to attractive is measured time-resolved in real time. These suspensions are model systems for the so-called direct coagulation casting (DCC) method. Scattering data are evaluated using the generalized indirect Fourier transformation (GIFT) method. We added some new routines for calculating structure factors for attractively interacting systems to the already existing software package. We now can choose between a depletion interaction and an attractive square well potential, which was used for the DCC samples. The obtained results are in good agreement with the values known from preparation for the depletion samples and those predicted from DLVO calculations for the DCC series, respectively.
Introduction
Colloidal science is a rather broad field, which covers a lot of different topics ranging from physics over chemistry to biology. [1] [2] [3] [4] Over the past few few years especially the attractive interaction in colloidal systems has become the subject of an ever increasing number of studies. [5] [6] [7] [8] [9] To understand and control these interactions is of both basic scientific interest and importance for applications.
Scattering methods 10 are a well established tool in studying colloidal systems. The evaluation of scattering data from attractively interacting systems is still a challenging problem. In the presented work we use the generalized indirect Fourier transformation (GIFT) technique for the evaluation of static light scattering data from various attractively interacting systems. The GIFT method allows the simultaneous determination of the particle form factor and the structure factor from the measured scattering intensities. Here we introduce new routines for attractive structure factors to the already existing GIFT software. In this way, we are able to evaluate the scattering data and obtain good results with minimum a priori information. The measurement itself is also not a trivial task, because we examine turbid concentrated samples. We avoid multiple scattering by using very thin sample cells and partial contrast match.
We investigate two different types of systems in this study. First, we study a model system for the direct coagulation casting process (DCC), a novel method for the production of high performance ceramics. This system consists of electrostatically stabilized silica spheres in aqueous suspension. Aggregation is induced by continuously decreasing the electrostatic repulsion via an internal chemical reaction. Second, we study systems with attractive depletion interaction. We use o/w (oil/water) emulsions with added surfactant micelles or latex spheres for this part of our study. The model system is tuned to match our experimental and evaluation window, and thus allowing us to obtain useful results.
The possibilities and limitations of evaluating light scattering data from attractively interacting systems are discussed.
Theory

Static Light Scattering.
In static light scattering the timeaveraged mean intensity of light, scattered by particles in solution, is measured as a function of the scattering angle θ. Measuring time is several seconds up to minutes. The scattering angle is related to the magnitude of the scattering vector q by n′ s is the real part of the refractive index of the solvent, and λ 0 is the wavelength of the incident beam in a vacuum.
Usually the particles measured in static light scattering are in the same size regime as the used light (several 100 nm). The scattering process for spheres is described by the Lorenz-Mie (LM) theory. 11, 12 The scattering intensity of polydisperse systems can be regarded as a linear combination of LM form factors P(q,R,m), where R is the particle radius and m is the complex refractive index ratio of the particles and of the solvent. Because of the low absorption of the particles used, the imaginary parts of the refractive indices can be neglected. So, m can be approximated by m′. n′ p is the real part of the refractive index of the particles in solution. The total scattering intensity of a polydisperse system of spheres can be written as D(R) is a continuous function of the intensity weighted contribution of the population, in the range R and R + dR.
The simpler Rayleigh-Debye-Gans (RDG) theory [13] [14] [15] can be used, if the RDG limit is fulfilled. Here the size parameter R is defined as One can easily see, that condition 4 is not fulfilled for light scattering from particles of a size comparable to the wavelength of light. However, the value of m′ can be reduced by contrast variation, i.e., a partial contrast match. So it is possible to shift the scattering from the LM to the RDG regime.
The decrease of the difference between n p and n s by varying the latter also reduces the scattering power of the particles and so multiple scattering. This is another benefit of contrast variation, as the contribution of multiple scattering to the total scattered intensity can already be essential at moderate concentrations. At higher concentrations the contribution of multiple scattering interferes with that of the particle interactions, that we are interested in. Thus, an evaluation of this scattering data with respect to the particle interactions would not be possible even in the RDG regime. Partial contrast match (m′ close to 1) is, however, in many cases not enough for a reduction of multiple scattering to a negligible amount. This can finally be achieved by using extremely thin sample cells.
Generalized Indirect Fourier Transformation.
In the RDG regime the total scattering intensity I(q) for homogeneous monodisperse spherical particles can be expressed as the following product 16 where n is the particle density (N/V), P(q) is the ensemble averaged form factor, and S(q) is the structure factor. S(q) gives information about the spatial arrangement of the particles. Factorization according to eq 6 is also possible for polydisperse spherical particles. In this case S(q) represents an effectiVe or measured structure factor. 16, 17 This approach can also be formally extended to nonspherical systems. P(q) contains the information about the size and shape of the particles and can be Fourier transformed into the pair distance distribution function p(r).
A simultaneous determination of the form factor P(q) and the structure factor S(q) from scattering curves in the RGD limit is possible with the GIFT method. 17, 18 The form factor is calculated model free by using the indirect Fourier transformation technique. 19 Here only a rough estimate for the maximum particle dimension D max has to be given. Different closure relations like Percus-Yevick (PY), 20 Rogers-Young (RY) 21 or HMSA 22 and interaction potentials like hard sphere, square well, or depletion potential can be chosen for the evaluation of the structure factor. A Boltzmann simplex simulated annealing (BSSA) 23 algorithm is used to search for the structure factor, which fits best to the measured data. To keep the values for the parameters defining S(q) within a physically reasonable regime, limits for these values for the BSSA search have to be set by the user.
As already mentioned above, multiple scattering can bias the interesting information contained in a scattering curve and can make an evaluation impossible. In a previous paper 24 it was shown that a transmission higher than 0.7 is needed in order to obtain correct solutions with GIFT.
2.3. Depletion Interaction. The effective sphere-sphere interaction potential U dep for hard spheres in the presence of nonadsorbing polymers, derived by Asakura and Oosawa 25, 26 and Vrij, 27 is given by where r is the center-center distance between the spheres with diameter σ. Π p is the osmotic pressure of the polymer solution in equilibrium with the mixture, r g is the gyration radius of the polymers and V overlap the volume of the overlapping depletion zones of two spheres at center-center distance r. These depletion zones are the region around each colloidal particle, which is not accessible to the center of the polymers, so it has a thickness on the order of r g . If now the depletion regions of two particles overlap, there is an unbalanced osmotic pressure pushing the particles together, which can be expressed by the attractive potential U dep given above.
One of the simplifications introduced by Asakura and Oosawa was to treat the polymer coils as hard spheres with a radius r g . The above potential therefore is also valid for big particles in the presence of small particles, which both act as hard spheres; r g in the equations than represents the radius of the smaller particles.
The range of this potential is clearly given by the size of the small particles. The depth again is related to size of the small particles or more precisely to the size ratio, which is contained in V overlap , but mainly determined by the concentration of the small particles. For an ideal solution the osmotic pressure is given by
The number density n p (R) is the number of small particles in the volume accessible to them, the so-called free volume. 28 This means that the volume of the big particles and their depletion zones must be subtracted from the total volume giving the free volume. So the actual number density of the small particles is n p ) Rn p (R) , with R being the free volume fraction. It can be approximated as 29 where φ is the volume fraction of the big particles, γ ) φ/(1 -φ), A ) 3 + 3 2 + 3 , B ) 9 /2 + 3 3 , and C ) 3 . Here is the already mentioned size ratio between small and big particles, given by
) 2r g σ
For < 0.1 the following rather good approximation 30 can be used for the depletion potential in the range σ < r < σ + 2r g where η p (R) is the volume fraction of the small particles in the free volume.
Materials and Methods
Silicone Oil Emulsions.
The silicone oil emulsions for this study are o/w emulsions consisting of silicone oil DC200 (Fluka), the nonionic surfactant Triton X100 (Sigma Aldrich), and deionized water (Milli-Q RG). The emulsions are obtained by shearing a crude hand-mixed emulsion (50-60 wt % silicone oil and a 33 wt % Triton X100 solution) in a laboratory-built shear apparatus. 24 This shear apparatus is based on the idea of a Couette cell. 31 The width of the size distribution of the emulsion is further reduced by the fractionated crystallization technique. 32 In this step the excess of surfactant is also removed from the system by repeatedly washing with distilled water and centrifugation. This is important, because later surfactant micelles are added in a controlled manner to trigger depletion interaction.
We prepared two different emulsions with a medium droplet radius of 570 nm respectively 400 nm and oil concentrations around 45 wt %. The remaining Triton X100 content is below 1 wt % and shows no significant influence.
Silica Suspensions and Direct Coagulation Casting.
Monospher 500 (Merck) silica particles, which have a very narrow size distribution and spherical shape (average diameter: 525 nm), are used for the production of the suspensions. A second batch of this silica was coated with Boehmite. Suspensions containing uncoated or coated silica are prepared according to the procedure described in a previous paper. 33 These suspensions are used to study change of the potential during the DCC process. 34, 35 This is a recently developed method, which allows an in situ homogeneous destabilization of highly concentrated suspensions via an internal enzyme catalyzed reaction. In our case, we use the hydrolysis of urea catalyzed by the enzyme urease. This reaction can either cause a pH shift toward pH ) 9 (buffer region of this reaction) or, starting at pH ) 9, increase the ionic strength in the solution.
In the following, we will refer to the two different mechanisms and systems as the ∆pH method and the ∆I method, respectively. Making use of the different isoelectric points (IEP) of uncoated and coated silica, both mechanisms can be used for the DCC process.
For the ∆pH method, we use a 30 vol % suspension of coated silica (IEP at pH ) 9) in an aqueous phase containing 30 wt % sucrose for partial index match and 10 wt % urea. This system is electrostatically stabilized at pH ) 4. We add 5 units/mL urease to the cooled suspension. At room temperature, the hydrolysis reaction speeds up and shifts the pH toward 9, where the surface charge of the silica is neutralized and it is no longer stabilized.
For the ∆I method, we use uncoated silica (30 vol % in 40 wt % sucrose, 6.4 wt % urea). This system is electrostatically stabilized at pH ) 9 with the silica having the IEP at pH ) 3. To induce the hydrolysis reaction, 50units/mL urease are added, leading to a continuous increase of ionic concentration in the liquid phase. The salt produced screens the electrostatic repulsion between the silica and the system starts to aggregate.
The different composition of the samples for the destabilizations results from the circumstances of the chosen method. For the ∆I method, less urea, which also increases n s ′, is needed. Therefore, we have to add more sucrose to this sample to achieve the desired partial contrast match. The enzyme activity is chosen in a way that the destabilization can be followed in real-time with our instrument.
Depletion Interaction.
To induce depletion interaction a defined excess of Triton X100 is added to the silicone oil emulsions. This is done by mixing a highly concentrated emulsion with an aqueous Triton X100 solution. The spherical Triton X100 micelles lead to an attractive depletion potential between the emulsion droplets. Alternatively aqueous suspensions of latex spheres are added to the emulsions. In this case we use polystyrene latices (IDC, Portland, Oregon) with diameters of 26 nm ((18%) and 76 nm ((7%). Both the Triton X100 solution and the latex suspension are added very carefully and slowly to the emulsion to prevent coalescence. The approximate compositions of the samples after preparation are as follows:
(1) 30 vol % emulsion A (R ) 570 nm) + 4 vol % Triton X100 in 30 wt % sucrose aqueous solution.
(2) 18 vol % emulsion A + 4 vol % latex (26 nm or 76 nm) in 30 wt % sucrose aqueous solution.
(3) 20 vol % emulsion B (R ) 400 nm) + 7 vol % Triton X100 in 30 wt % sucrose aqueous solution.
(4) 20 vol % emulsion B + 3 vol % latex (26 nm) in 23 wt % sucrose aqueous solution.
The Triton X100 concentration in these samples is above the cmc (∼1.3 vol %).
Similarly, we added a suspension of 26 nm latex to a pure suspension of uncoated silica (not containing urea or urease) to study depletion interaction with solid colloids. The composition of this sample is 8.5 vol % silica and 5 vol % 26 nm latex in a 45 wt % sucrose aqueous solution.
Contrast Variation.
Sucrose extra pure (Merck) is used to reduce the refractive index ratios m of the suspensions/ emulsions. Again sucrose is added very carefully and slowly to the oil emulsions. This is to prevent breaking of the droplets due to the osmotic pressure resulting from very different sucrose concentrations. For these experiments we used sucrose concentrations between 23 and 45 wt % related to the aqueous phase, which results in refractive indices n s ′ between 1.368 and 1.410. The other used components have the following refractive indices: silicone oil n p ′ ) 1.405, silica n p ′ ) 1.417, and latex n p ′ ) 1.591.
Static Light Scattering Setup.
We use a laboratory built flat cell light scattering instrument (FCLSI) 36 for the measurements. This instrument simultaneously detects the scattering curve from 1 to 60°(maximum) via diode arrays consisting of 160 photodiodes. As light source a 10 mW HeNe laser with random polarization and a wavelength of 632.8 nm is used. The diode array allows the achievement of short measurement times. By default, 10 curves with a measurement time of 20 s each are recorded and averaged automatically. For the destabilization experiments, we measure single curves with a duration of 20 s. This allows us to follow change of the potential in real time. Here, 20 s/curve is a good compromise between measuring speed and data quality.
The sample cell has two parallel optical flats, which can be adjusted at various fixed distances. The smallest achievable cell thickness is 13 µm. We use this thickness for the destabilization studies. For the other samples, we typically use a cell thickness of 25 µm. The thin sample cell and contrast variation with sucrose reduce multiple scattering to a negligible amount and
allow the measurement of dense turbid systems. The increase of the refractive index of the aqueous phase lowers the m′ value and thus allows the application of the RDG theory. This is needed for data evaluation using GIFT. As we combine a thin sample cell with contrast variation, the transmission of the measured samples is always higher than 0.8. Prior to the data evaluation, we subtract the background scattering curve (as measured in a cell filled with sucrose solution), and we convert the data to q-scale.
Beside the advantage of allowing the measurement of turbid systems, the thin sample cell has also a disadvantage, as it can give rise to wall effects, which are discussed in detail in section 4.2.
3.6. Data Evaluation. To determine if the emulsions/ suspensions have a narrow monomodal size distribution, scattering curves from very dilute samples were evaluated using the optimized regularization technique (ORT). 37 It calculates size distributions from scattering curves assuming a spherical shape of the particles. For this study we calculate the intensity weighted distribution from which we also get the average radius of our particles.
The scattering curves from the concentrated systems are evaluated applying the GIFT method. We added some new structure factor models for attractive interaction into the existing software package. We now can choose between a simple square well in combination with PY, SMSA, or HMSA closure relation and a depletion potential combined with PY or SMSA closure relation.
We implemented a subroutine 30, 38, 39 for these potentials and closure relations and adapted it to the needs of our existing software package and to the problems under investigation. The major change is that the original routine scales everything to a colloid diameter σ of 1.0 and one has to enter a certain value dr for the discrete grid spacing in real space. First we altered the routine so that it calculates dr automatically from the q-regime covered by the experiment and the size of the particles. This causes a problem for very narrow widths of the potentials relative to the particle size, because it can happen, that the width of the square well or of the depletion potential is only sampled by one or two points. This leads to wrong structure factors. So an additional check is added that ensures a minimum number of points (at least 5), which sample the potential.
The sub-routine implemented in the GIFT package calculates the depletion potential according to eq 11. The required input parameters therefore are the size ratio between the particles , the volume fraction of the large particles and the volume fraction of the smaller particles in the free volume η p (R)
. The volume fraction in the free volume needs a little additional attention. Because the value accessible from the experiment (preparation) is usually the volume fraction in the total volume. The difference between these two values can be rather big. Using eq 9 these two values can be easily converted into each other. So one just has to be careful not to mix them up, which could cause misleading results.
The structure factors for both square well and depletion potential are defined by the colloid volume fraction and the interaction radius between the colloids. In the case of the square well, the potential is directly given by the relative well width and the well depth in units of kT. The depletion potential is calculated from the size ratio between the small and large particles and the concentration of the small particles. Both structure factors are thus defined by four parameters, for which reasonable limits have to be set by the user. These four parameters are quasi-linearly dependent, which makes a completely free variation of all four impossible. Usually a priori information is available for one or two parameters allowing us to confine these parameters. Without this confinement it would be possible to get a good fit to the data, but the corresponding parameters could be physically meaningless.
For the evaluation of scattering curves from the destabilization series, we add the possibility to keep the form factor fixed during the calculation. This is justified for silica particles, as they do not change their shape or size during the destabilization process. The form factor with an added free amplitude factor is taken from the scattering curves measured at high dilution, where the structure factor equals one for the whole q range. For the oil emulsion samples always both form and structure factor are calculated directly from the measured data.
The computing time for the evaluation of one curve is quite high on a standard PC (1 GHz), because during the BSSA search for the correct solution thousands of structure factors have to be calculated. The computing time is 20-80 min for PY while it is several hours in the case of the HMSA. This holds for light scattering data, where no smearing effects (instrumental broadening) have to be taken into account. This would, however, be necessary for SANS and SAXS (small-angle neutron and X-ray scattering) and would lead to a further increase of computing time in those applications.
Results and Discussion
Sample Characterization.
For the characterization of the different samples we have performed experiments at high dilution (∼0.1 vol % for silica, ∼1 vol % for emulsions). Figure  1 shows the intensity weighted size distributions calculated from the scattering curves of the different samples. For the uncoated silica, a monomodal distribution with average radius of 256 nm is found, which corresponds well with SEM images showing an average diameter of 525 nm. 33 The coated sample shows a main population which is a bit broader and the average radius (260 nm) a bit higher than the uncoated sample. But here also a second population of larger particles is found. It contains most likely some bigger aggregates originating from the coating process. The position and size of this second population is reproducible for different batches of coated silica. This second population to some extent influences our evaluation, because it has a big enough influence on the form factor to show up clearly in the pair distance distribution function. The two silicone oil emulsions, with average radii of 570 nm (emulsion A) and 400 nm (emulsion B), respectively, show a second population of smaller particles. But in contrast to the coated silica suspension the contribution to the scattering intensity is small and does not lead to a noticeable effect during the evaluation. All pair distance distribution functions for these samples (diluted, attractive or repulsive) correspond to those of the population of larger droplets.
Wall Effects.
Most measured scattering curves of concentrated samples show a strong upturn at low q values. This happens for both repulsive and attractive systems. This upturn most likely results from a layer of particles at the glass walls of the sample-cell. If this is the case, the effect should diminish with increasing cell thickness. For this reason we measure a mixture of silica and latex at different cell thicknesses, varying from 13 to 98 µm. Figure 2 shows the obtained scattering curves. The upturn clearly shifts to lower q values with increasing cell thickness. We thus conclude that this upturn is due to wall effects.
When going to thicker cells the upturn shifts to lower q values and a wider range of the scattering curve can be evaluated. The inner part which still can be evaluated and is not affected by this upturn can be determined by a simple Guinier approximation 40 (linear in a ln I vs q 2 plot). For the measurements a compromise between avoiding the upturn at low q (thicker sample-cell) and reducing multiple scattering (thinner samplecell) has to be found.
Another way to deal with multiple scattering would be the 3D cross-correlation technique, 41 which suppresses multiple scattering physically. But up to now this technique does not allow a time-resolved measurement.
Silicone Oil Emulsions. 4.3.1. Depletion Interaction.
The scattering curves of differently treated emulsions A (R ) 570 nm) are depicted in Figure 3 . From the diluted sample the size distribution (using ORTssee above) and the p(r) function (using GIFT) are calculated for comparison. The concentrated suspension (φ oil ∼ 0.3, 30 wt % sucrose) is measured as a representation of a repulsive hard sphere system.
The corresponding structure factors determined from these scattering curves are shown in Figure 4 . The scattering curve from the concentrated sample is evaluated using the PY closure relation and a hard sphere potential. The other two structure factors are also calculated using PY, but this time with a depletion potential (eq 11). A structure factor for the scattering curve of emulsion A with 76 nm latex cannot be calculated, because the scattering from the latex particles already contributes essentially to the total scattering curve (note increase at high q values).
In Table 1 , the obtained S(q) parameters are compared to the ones calculated from the preparation. The sizes of the latex spheres is that stated by the manufacturer, the size of the Triton X100 micelles was taken from earlier measurements in the literature. 42 The p(r) functions (inset in Figure 3 ) of the diluted and the concentrated sample fit together well. The ones from the attractive interacting samples show only minor differences to these two.
The scattering curves for different preparations of emulsion B are shown in Figure 5 . The scattering curve of the diluted sample is mainly measured and evaluated for comparison. The p(r) function is used to check if the emulsion itself changes during preparation (coalescence).
In Figure 6 the structure factors obtained from these scattering curves are depicted. The structure factor models we have used are the same as described above for emulsion A. Table 1 lists the S(q) parameters obtained from the GIFT evaluation compared to those from the sample preparation. The p(r) function of the sample containing latex corresponds well to the two from the diluted and concentrated emulsion (see inset in Figure 5 ), but the p(r) function for the emulsion with Triton X100 differs noticeable from the other three. One can deduce from this p(r) that the emulsion has undergone some coalescence during the preparationsmost likely during the addition of sucrose.
Comparison of Different Structure Factor Models.
The above examples show that it is possible to evaluate scattering data from attractive interacting systems and get reasonable results. Now the question arises how reliable this procedure is or if wrong structure factor models lead to similar results and fits. Can one deduce from the fit quality and the obtained parameters if the used structure factor model is correct?
To answer this questions, we evaluate the scattering curve from emulsion A plus 26 nm latex using different structure factor models. Used are the following: depletion potential with PY, square well potential with HMSA, and square well potential with PY, as well as a repulsive hard sphere potential with PY. In the case of the false model, the hard sphere potential, we perform two different kinds of evaluation. In one case, we limit the search region for the parameters defining the structure factor (radius, volume fraction) just to physically possible values. In a second run, we keep these limits rather narrow around the values known from preparation. Figure 7 shows the structure factors obtained from these evaluations. For the depletion potential and the hard sphere potential with narrow limits the fit quality is shown in Figure 8 .
As long as using an attractive potential the results are satisfactory. The depletion potential (in combination with PY) describes the actual system most accurate. Therefore, as expected, the fit to the data is best and the obtained parameters are correct. The square well potential already is a simplification. Still the results are quite satisfactory, but some information is lost. The concentration of the small particles cannot be derived from this potential, whereas the width of the square well corresponds well with their size. The depth of the square well is about half the depth of the depletion potential (see inset in Figure 7 ). So the actual depletion potential can be approximated by a square well potential with reasonable quality. When a hard sphere model is used for data evaluation the results are different. If the S(q) parameters (volume fraction and radius) are forced into a narrow band close to the actual ones the obtained solution fits to the data very badly. Without restricting the search regime for the S(q) parameters the resulting fit is better, but still not very good. However, in this case the obtained parameters are quite different from the actual ones. The obtained volume fraction of the large particles is 0.13 instead of 0.175 and the radius 478 instead of 570 nm.
From the above example one can see that it is possible to recognize the use of an incorrect structure factor model (repulsive instead of attractive) by the quality of the obtained fit. The system in this example (silica with latex) is a relatively moderate attractive system. The misfit will be bigger for more attractive systems. If some a priori information about the system is available the situation is even clearer. When using a square well potential instead of the depletion potential, which are both attractive, the obtained results are still reasonable. One just loses a piece of information, the concentration of the smaller particles.
One more remark about a priori information about the system. It is not just helpful to decide if the correct structure factor model was chosen, but sometimes it is necessary. It has already been shown for charged systems 43 that different sets of parameters can lead to identical structure factors. The same is true for these attractive structure factor models. This and the quasi linear dependence of the parameters (see point 3.6) makes it necessary to limit one or two of the parameters to a rather small regime. Usually this should prove no problem. For example when studying interactions mostly the properties of the used particles, like their size or concentration, are quite well-defined and knownslike in the following DCC experiments.
Silica Suspensions. 4.4.1. Depletion Interaction.
The scattering curve with 98 µm cell thickness in Figure 2 is used for the structure factor calculation. This is done to test the GIFT evaluation on another model system for depletion interaction. The S(q) parameters obtained from the calculation match well to the values known from the preparation. The values obtained from the GIFT evaluation are as follows: φ silica ) 0.093, interaction radius ) 271 nm, φ latex ) 0.071, and latex size ) 22 nm. As for the silicon oil emulsion, a depletion potential in combination with PY can successfully be used to correctly evaluate this system.
Direct Coagulation Casting.
Detailed results from these destabilizations have already been presented in another paper; for a detailed description, we refer to ref 33. Figures 9 (∆I method) and 10 (∆pH method) summarize the results from the two destabilization experiments. Shown are the scattering curves and the calculated structure factors. For comparison the scattering curves and structure factors for the corresponding stable systems are also shown.
The scattering curves at the very beginning of the destabilization cannot be evaluated, neither using a repulsive nor an attractive potential. The system seems to be in an intermediate state, where the attractive interaction just evolves. After this initial period the scattering curves can be evaluated well using a square well potential. Finally after some destabilization time the scattering curves no longer change with time, the resolution limit of our instrument is reached. We achieve q min ) 0.0018 nm -1 for the ∆I method and q min ) 0.0021 nm -1 for the ∆pH method. The suspensions are still liquid at this stage as the destabilization goes on and leads to a solid gel only at a later stage of the reaction. For the data from uncoated silica (ionic strength shift) the form factor has to be fixed for the evaluation of S(q). Otherwise the program does not converge to a solution. All the calculated curves show a slight systematic misfit to the measured data in the peak-region (around q ∼ 0.011 nm -1 , see Figure 8 ). This is a clear hint that the used simple square well potential does not reproduce the actual potential of the system appropriately. However, the obtained potential parameters are reasonable and correspond well to the potentials calculated using DLVO theory. The structure factors themselves show a clear and continuous trend with time.
The second population of larger particles present in the coated silica sample (∆pH method) influences the form factor. However, this has no noticeable effects on the calculation of the structure factor. We get nearly identical form factors (and with it p(r)) for all evaluated scattering curvessdiluted, repulsive, and attractive. The structure factors again show a clear trend with time as well as the corresponding parameters. The overall obtained fit (see Figure 8) is better than for the ∆I method.
For both destabilizations the parameters corresponding to the calculated structure factors fit well to those known from the preparation or obtained from DLVO calculations. Volume fraction and interaction radius are always a little bit larger than the actual silica content and size. This can be attributed to the fact that our simple square well model does not take charges into account. The parameters defining the potential fit, within the given experimental accuracy, well to potentials calculated using DLVO theory.
Discussion and Conclusion
We are able to evaluate light scattering curves of various attractively interacting samples using the generalized indirect Fourier transformation. In the case of the direct coagulation casting samples, we can follow the potential change in the system in real time. For the evaluation we can choose between different structure factor modelssPY or SMSA depletion potential and PY, HMSA, or SMSA square well potential. All final results give a good fit to the measured data and yield reasonable parameters defining the structure factor. Taking into account the approximations that have to be made, the quality of the results is quite good.
To get a reasonable solution within acceptable time one should possess some a priori information about the investigated system. Because of the dependence of the four S(q) parameters, which has already been described above, this information is needed to confine one or two parameters. With this restriction the GIFT method usually leads to a correct solution. As can be seen for the ∆I destabilization samples, the available potentials (depletion and square well) are not always sufficient to render the actual potentials. Nevertheless, they give an acceptable approximation.
In an attractively interacting sample, there is always the possibility of cluster formation, which would contribute to the scattering curve al low q. Cluster formation and attractive interaction appear together and change the scattering curve similarly. But as long as the attractive potential is not too strong, the clusters still can break up and their contribution to the scattering curve should be negligible. For weak attractive potentials U attr g k B T the bonds between the particles are weak enough that aggregation and thermal rearrangement compete. 44, 45 There still is an actual probability that particles can get away again from an already formed cluster. The deepest (calculated) potential of all our samples was -5kT for emulsion plus Triton X100. This sample macroscopically already shows an increased viscosity.
The structure factor routines themselves are also limited to a certain potential depth. The square well potential is limited to a well depth between -2kT and -3kT depending on the width of the potential. The depletion potential can reach a maximum depth around -6kT. The necessary computing time is directly related to the strength of the attractive potential. The more attractive, the longer the computing time needed.
Beside the light scattering data presented in this study some preliminary calculations on SANS data from attractively interacting systems have also been performed. The first results look promising, and it will be surely possible to apply the presented technique to other systems. 
